ABSTRACT: Linkages between predators and their prey across the subtidal-intertidal boundary remain relatively unexplored. The influence of tidal phase, tidal height and wave exposure on the abundance, population structure and stomach contents of mobile predatory crabs was examined on rocky shores in southwest Britain. Crabs were sampled both during the day and at night using traps deployed at high tide and by direct observation during low tide. Carcinus maenas (L.), Necora puber (L.) and Cancer pagurus (L.) were the most abundant species, being mainly active during nocturnal high tides. C. maenas was the only species that was active during nocturnal low tides, when it was observed mainly on the lower shore feeding on limpets. Individuals of all 3 species sampled during high tide were considerably larger than those sampled during low tide. Thus, sampling crab populations at low tide is likely to underestimate abundance and the extent of predation by crabs on rockyshore assemblages. During immersion, the relative abundance of each species was influenced by exposure to wave action and tidal elevation. All species were more abundant on the lower shore; C. maenas and N. puber were more abundant in sheltered locations, while C. pagurus was more abundant in exposed locations. Analyses of stomach contents from individuals captured at high tide revealed that chitons and limpets were the most common hard-shell prey taxa in the diet of these predators. The relative abundance of prey in gut contents was, however, not correlated with patterns of prey abundance. Our study indicates the importance of crabs as key intertidal predators and illustrates the strong trophic linkages between the subtidal and intertidal zones, which is likely to be a key factor influencing community structure on European shores.
INTRODUCTION
Existing models of intertidal community structure (Menge & Sutherland 1976 , Menge 1978a ,b, Menge et al. 1999 , 2002 have contributed much to several ecological theories. They have, however, emphasised the role of more sedentary consumers; the role of highly mobile predators is much less well understood. Thus, knowledge about the numbers of mobile predators, and information about where, when and on what they forage is crucial to our understanding of predator-prey dynamics. Movement patterns determine the abundance and distribution of predators such as crabs and are influenced by the interaction of physical and biological factors (see Menge 2000) . Previous observations on rocky shores in the northwest Atlantic and Pacific have shown that decapods are predominately active during high tide and indicate that biological factors such as prey distribution (Robles et al. 1990 , Jones & Shulman 2008 and physical factors including refuge availability (Lohrer et al. 2000 , Holsman et al. 2006 influence spatial patterns of distribution for crabs. There is evidence that mobile species such as crabs and lobsters undertake substantial incursions from the sublittoral into the intertidal zone of Pacific coasts during high tide (e.g. Robles et al. 1990 , Rilov & Schiel 2006b ). It has been suggested that this is to access additional food resources, and because crabs move mainly at night, this may minimise vulnerability from exclusively sublittoral predators including fish (e.g. Hughes & Seed 1995 , Burrows et al. 1999 , Rilov & Schiel 2006b , Jones & Shulman 2008 . These studies suggest that considerable trophic connectivity exists between the sublittoral and littoral habitats.
Knowledge of the extent and significance of the connectivity between the subtidal and intertidal zones, its strength, the species involved and the factors causing variation in this linkage is essential to a more comprehensive understanding of coastal food webs and ecosystems. For instance, the abundance of intertidal prey varies along environmental gradients of tidal elevation and exposure to wave action (Lewis 1964 , Raffaelli & Hawkins 1996 . These gradients also determine the duration and suitability of various foraging windows (high and low tide, day and night) for predation (e.g. Boulding et al. 1999 , Faria & Almada 2006 , Hollingsworth & Connolly 2006 , and can also affect predator behaviour (e.g. Menge 1978b , Menge & Sutherland 1987 , both directly by impeding prey handling, or indirectly by influencing prey abundance. Other factors such as habitat seascapes are an important influence on the distribution of mobile predators in the intertidal zone during high tide (see Rilov & Schiel 2006a,b) . There is relatively little information on factors influencing the distribution of mobile predatory crabs on rocky shores of the northeast Atlantic, and most of the information available pertains to Carcinus maenas (e.g. Naylor 1958 , 1962 , Hughes & Elner 1979 , Kaiser et al. 1990 , Warman et al. 1993 , Burrows et al. 1999 , Mascaró & Seed 2001 , Moksnes 2004 ) and semiterrestrial species such as Pachygrapsus marmoratus (e.g. Cannicci et al. 1999 , 2002 , Flores & Paula 2001 .
The distribution of these crabs is influenced by prey distribution and by the tidal cycle. For example, Carcinus maenas has been observed to regularly forage in the intertidal zone during nocturnal high tide (Hunter & Naylor 1993 , Burrows et al. 1999 , as have semiterrestrial crabs such as grapsids during nocturnal low tides (Cannicci et al. 2002 , Silva et al. 2004 , 2009 ). Barnacles, mussels and limpets are an important part of the diet of Carcinus maenas (Hughes & Elner 1979 , Elner 1981 , Kaiser et al. 1993 and Pachygrapsus marmoratus (Cannicci et al. 2002) . For some common and commercially important species such as Necora puber and Cancer pagurus, patterns of abundance in the intertidal are less well understood (but see Norman & Jones 1990 , Karlsson & Christiansen 1996 , Lee et al. 2006 and, hence, the extent of their role in the dynamics of intertidal systems is not clear.
Some intertidal crabs (e.g. Carcinus maenas, Pachygrapsus spp.) are capable of withstanding substantial periods of exposure to air (Newell et al. 1972 ) by aerating the water around their gills, or using branchial chambers to function like lungs (Warner 1977) , potentially enabling foraging during low tides. Ontogenetic stage and sex have also been reported to influence crab distribution (Moksnes 2002 , Pardo et al. 2007 , Spooner et al. 2007 ), behaviour (Mascaró & Seed 2001 , Spooner et al. 2007 ) and diet (Kaiser et al. 1993 , Brousseau et al. 2001 , Bishop & Wear 2005 . In situ observations of crab feeding behaviour are difficult to obtain (but see Burrows et al. 1999) ; however, stomach contents have been widely used to indicate crab diet (e.g. Williams 1981 , Freire 1996 , Cannicci et al. 2002 .
In the present study, we quantified the intensity of the subtidal-intertidal trophic linkage established by crabs on European shores, within the framework of environmental gradients such as wave action and immersion, which are known to influence community structuring on rocky shores (see Robles et al. 1990 , Thompson et al. 2004 . We characterised the size, sex and abundance of juvenile and adult individuals captured on shores of differing wave exposure and tidal heights during low and high tides. Stomach contents were used to establish the importance of hard-shelled prey (e.g. topshells and limpets) in the diet of crabs captured in the intertidal zone at high tide so as to relate the abundance of prey in the stomach to the prey's distribution on the shore. We tested the general hypothesis that there are strong trophic linkages between the subtidal and intertidal zones. We also tested the following specific null hypotheses: (1) there are no differences in the species composition and abundance of crabs with exposure to wave action and tidal height; (2) there are no differences in the relative abundance and size of crabs in the intertidal zone between high and low tide; (3) there are no differences in the stomach-content composition of these predators between sexes and ontogenetic stages (juvenile and adult); and (4) there is no relationship between the relative abundance of hard-shelled prey and the abundance in the guts of crabs.
MATERIALS AND METHODS
Study sites. Two moderately exposed (Thurlestone: 50°15' N, 35°1' W and Portwrinkle: 50°21' N, 4°18' W) and 2 moderately sheltered rocky shores (Mount Batten: 50°21' N, 4°07' W and Jennycliff: 50°21' N, 4°07' W), hereinafter referred to as exposed and sheltered shores, were examined (Fig. 1) . These shores were randomly selected from a range of suitable shores in southwest Britain and are representative of other shores in the region. At each shore 2 sites were sampled, allowing tests of variation in the abundance of predators at large (km) and small (m) spatial scales.
Levels of exposure to wave action were confirmed using measures of mean flow conditions following Jonsson et al. (2006) , via the dissolution of gypsum (CaSO 4 ) discs. Sets of 12 discs were attached to the rock surface ~3 m above chart datum (CD) for a single high tide on each of 2 occasions at each location. Discs on exposed shores dissolved significantly (p < 0.04) faster (6 g h ). The tidal range during spring tides at these locations is ~5 m (0.8 to 5.5 m relative to CD), and comparisons were made between the upper shore (always covered by high water at neap tides), ~4 m above CD, and the lower shore (around the low-water mark at neap tides), 1 m above CD. Sampling design. Differing tidal phases required different sampling techniques: traps at high water and direct counts on the shore at low water. These differing methodologies precluded formal statistical comparisons between data collected at low tide and those collected at high tide, but were used to give an indication of differences in relative abundance of species and size classes between tidal phases. Sampling was undertaken during summer (June to September 2005), when crab activity is greatest (Naylor 1962 , e.g. Choy 1986 , Norman & Jones 1992 , Kaiser et al. 1993 , Warman et al. 1993 , Nickell & Sayer 1998 .
High-tide sampling: Sampling during immersion was via standard commercial creel crab traps (60 × 40 × 35 cm [length × width × height], 1 cm mesh size). These were made of moulded heavy-duty plastic with two 8 cm diameter entrances and a bait tube (Coastal Fishing Supplies UK). Traps are a very efficient method to catch crabs (Miller 1990 , Bell et al. 2003 , Dunnington et al. 2005 . During nocturnal high tides, 3 replicate traps were deployed on 2 separate occasions at each tidal level, shore and site permutation. Traps were fixed to the rock platform via anchoring points and were separated by at least 40 m within a 1000 m 2 area of shore. This was considered sufficient to ensure independence of the area fished by each trap (see Miller 1990) . All traps were baited with ~300 g fresh cut fish (Trachurus trachurus L., tested in preliminary trials) and were left for a single nocturnal high tide. Crabs were prevented from accessing the bait by placing the bait inside a fine-mesh (~2 mm) nylon bag which was then placed inside the in-built trap bait funnel. This procedure ensured that the bait could not influence crab stomach measurements such as fullness. The integrity of the bag was verified after each deployment and was invariably found to be 100%. Comparisons between daytime and nocturnal high water were only made on 2 occasions on the lower shore. The main purpose of this sampling was to confirm results of previous studies that crabs were mainly active at night.
Since traps were likely to capture several species simultaneously, we examined the potential for nonindependence as a consequence of any inter-and intra-specific interactions. To examine whether immersion time had an effect on abundance patterns between tidal heights (differing duration of foraging window), a comparison of raw data as sampled and data adjusted for fishing (immersion) time per tidal height was also made. Callipers (0.1 mm) were used to record carapace width (CW) and sex of all captured crabs. Based on classifications used in previous studies, juveniles of each species were defined as CW ≤ 35 mm for Carcinus maenas (Crothers 1967) , ≤ 40 mm for Necora puber (Norman & Jones 1993) and ≤ 40 mm for Cancer pagurus (Hall et al. 1993) .
Low-tide sampling: Low-tide sampling during daylight compared the abundance and population structure of crabs between high and low tides. One-hour searches were made among boulders and crevices and on open rock on 2 sampling occasions on the upper and lower shore at each site at each location. To estab- lish the importance of nocturnal low-tide foraging, observations of tide-out crab activity were made at night at each location on 3 occasions. Preliminary observations indicated that the majority of predators that were active at this time foraged on the lower shore. Thus, for ease of sampling we restricted searches to the lower shore (1 m above CD). Crabs that were observed to be active on the rock surface were collected by 2 observers working for 1 h each and commencing as the tide uncovered the lower shore. A hand-held torch with a red filter was used to detect crabs. This is known to minimise the disturbance on crab behaviour while maintaining the visibility range of the observer (Silva et al. 2004) , and in the present study crabs did not attempt to escape when the observer pointed a direct light at them. All crabs were captured by hand, and only individuals outside their crevices or equivalent refuge in biotic substrata were sampled. For high-tide data, CW and sex were recorded for all crabs before release. Any predator-prey encounters that were observed were also recorded. Stomach contents and prey availability. Stomachcontents analysis was restricted to crabs caught in traps during periods of immersion as this reflected prey eaten during the most recent foraging excursion and enabled diet to be compared with adjacent prey availability. On recovery of the traps, all captured animals were frozen at -20°C. All captured crabs were subsequently dissected and stomachs were removed. Since the presence of parasites or the moulting of crabs can hinder feeding behaviour (Williams 1982) , gut contents were only examined for the intermoult stage of parasite-free predators. To assess the importance of intertidal prey in the diet of the crabs, hard body parts of limpets, barnacles and mussels were quantified. The points method (Williams 1981 ) was used to examine abundance since this method is suitable for prey that are ingested in large recognisable pieces or in their entirety. For limpets the number of radulae and pieces of shell (apex) were counted; for topshells the number of opercula or shell parts (apex); for chitons the number of radulae and anterior and posterior plates; for mussels the number of valves or umbos; and for barnacles the number of pairs of opercular plates.
To establish the relationship between stomach contents and prey availability (here interpreted as prey abundance), the relative abundance of prey species was recorded using 10 randomly positioned 50 × 50 cm quadrats on both the upper and lower shore at each site at each location. For each quadrat, the number of individuals of mobile species and percentage cover of sessile invertebrates were recorded. Algae were not quantified.
Data analysis. Very few crabs were collected using traps during daytime high tide -Carcinus maenas: n = 13; Necora puber: n = 9 and; Cancer pagurus: n = 5 ind.) and thus, only nocturnal high-tide data were used for subsequent analysis. These data were used to compare abundance and mean size of each species between shores of different exposure and between tidal heights using a 5-factor ANOVA. Factors were 'sampling occasion' (random with 2 levels: Date 1 and Date 2), 'shore level' (orthogonal, fixed with 2 levels: upper and lower), 'shore exposure' (orthogonal, fixed with 2 levels: sheltered and exposed), 'shore' (random, nested within exposure with 2 levels) and 'site' (random, nested within shore and exposure with 2 levels). As no significant differences in predator abundance were detected between sampling dates (p > 0.3), data were subsequently pooled (Underwood 1997 ) and the analysis was performed on the remaining 4 factors. The abundance of crabs during nocturnal low tide was compared using the design described above but excluding the factor 'shore level', as only the lower shore was surveyed. Cochran's test was used to check homogeneity of variance, and appropriate transformations were made when this assumption was violated. Tests of homogeneity, ANOVA and post hoc StudentNewman-Keuls (SNK) tests were made using GMAV V5 for Windows (Institute of Marine Ecology, Sydney).
Possible biases in trap data as a result of predator interactions (e.g. aggression) were examined by testing for correlations between the numbers of Necora puber, the most aggressive of the species captured, versus the number of other species and also between relatively large and small individuals of each species. There were no correlations between the number of N. puber and the abundance of any other species (ANOSIM R < 0.1, p > 0.3) or between large and small individuals of the same species (Carcinus maenas: ANOSIM R < 0.3, p > 0.1; N. puber : ANOSIM R < 0.2, p > 0.3; Cancer pagurus: ANOSIM R < 0.3, p > 0.1). Thus, traps were not compromised by problems of non-independence. Similar results were observed by Miller (1978) , who found no effect of crab agonistic interactions.
The size-frequency distributions of predators at high tide were compared across the factors tidal elevation and exposure to wave action using a KolmogorovSmirnov test with a Scheirer-Ray-Hare extension in order to test for interactions between factors (Sokal & Rohlf 1995) . Spearman rank correlations were used to compare the relative abundance of prey in the stomach contents of predators with the relative abundance of prey on the shore. Multivariate analyses were used to examine the effect of shore exposure and tidal elevation on prey abundance and on predator diet (PRIMER 6 and PERMANOVA; Plymouth Marine Laboratory). PERMANOVA permutation tests were used to determine significant differences among factors. Bray-Curtis similarity coefficients were used to compare similarities between each pair of samples.
RESULTS

Abundance and distribution of crabs at high tide
There were no differences in abundance of crabs between shores of the same exposure or sites within shores in any of the analyses (Table 1 ). The main species captured in traps during nocturnal high tides were Carcinus maenas (418 ind.), Necora puber (216 ind.) and Cancer pagurus (131 ind.). The spider crab Maja squinado Herbst (19 ind.) was captured occasionally, but not in sufficient numbers to be included in analyses. A wide range of sizes were captured for all species, showing that traps were an effective method to study these species. CW and carapace length (CL) size ranges were: M. squinado: 98 to 136 mm (CW), 125 to 224 mm (CL); C. maenas: 10 to 73 mm (CW), 4 to 64 mm (CL); N. puber: 21 to 102 mm (CW), 9 to 82 mm (CL); and C. pagurus: 31 to 193 mm (CW), 11 to 144 mm (CL). Since crabs can enter the traps sideways, individuals at least up to 224 mm CL were captured.
Data were also standardised for hours of fishing per shore level, but as this gave similar patterns to the unstandardised data, the latter were used for interpretation and presentation of results. These direct comparisons of the number of crabs caught in traps on the upper and lower shore best represent the potential differences in predator distribution in relation to prey availability at a particular shore level. The abundance of crabs differed significantly between shore levels and according to exposure to wave action. With Carcinus maenas and Necora puber there were significant interactions between shore level and wave exposure (Table 1) : C. maenas was significantly more abundant on the upper shore at sheltered locations (Fig. 2) , but abundance remained low on the lower shore at both sheltered and exposed locations, whereas N. puber was more abundant on the lower shore at sheltered locations and more abundant on sheltered than on exposed locations (Fig. 2) . With Cancer pagurus there were significant differences between both shore level and wave exposure but without any interaction; there was greater abundance on the lower shore than on the upper shore, and at exposed rather than sheltered locations (Table 1, Fig. 2) .
The size-frequency distribution of Carcinus maenas and Cancer pagurus varied significantly between tidal levels (H = 11.9, df = 1, p < 0.001 and H = 53.9, df = 1, p < 0.001, respectively) and with exposure (H = 12.6, df = 1, p < 0.001 and H = 34.4, df = 1, p < 0.001, respectively). For both species median size was significantly larger on the lower shore than on the upper shore (Fig. 3) . C. maenas was significantly larger at sheltered locations while C. pagurus was larger at exposed locations (Fig. 3) . The size distribution of Necora puber did not differ significantly between tidal levels or with shore exposure (H = 5.7, df = 1, p = not significant [ns] and H = 0.8, df = 1, p = ns, respectively).
Consistently, more males than females were captured; of the 48 traps deployed, 36 contained more males than females (Carcinus maenas: 65% males, Necora puber : 71% males and Cancer pagurus: 73% males). Female C. maenas were more abundant on the upper shore, while males were more abundant on the lower shore. For C. pagurus, there were no apparent differences in the relative abundance of males and females between shore levels. For N. puber, there were no apparent differences in the relative abundance of females and males between shore levels or exposures.
201 Table 1 . Carcinus maenas, Necora puber and Cancer pagurus. ANOVA comparing the abundance of 3 crab species between tidal levels and shores with differing exposure to wave action. Individuals were captured during high tide using traps. Significant effects are shown in bold and the directions of significant effects are illustrated in Fig. 2 
Abundance and distribution of crabs at low tide
For data collected at low tide, there were no differences in abundance between shores or sites within shores for all species (Table 2a) . Carcinus maenas were significantly more abundant on the upper shore at sheltered locations, while Necora puber and Cancer pagurus were most abundant on the lower shore at both exposed and sheltered locations (Table 2a) . C. maenas were larger (mean difference in size: ~12%) on the upper shore than on the lower shore at exposed locations (Table 2b ). The opposite pattern was apparent on sheltered locations, with larger individuals (mean difference in size: ~10%) on the lower shore than on the upper shore. N. puber and C. pagurus were significantly larger on the upper shore than on the lower shore at both sheltered and exposed locations (Table 2b ). There were no apparent differences in the relative abundance of females and males collected at low tide. This effect was consistent between all species, locations of different exposure and between shore levels.
The only species that was active during nocturnal low tides was Carcinus maenas, with an average of 132 ± 5 (SE) individuals recorded active per observer per hour. During these periods individuals were significantly more abundant in sheltered locations (df 1,16 , F = 91.81, p = 0.01). This pattern of abundance mirrored that during daytime low tides. There were no differences in the abundance of C. maenas at smaller spatial scales between shores or sites within shores. On average, however, 15 predator-prey encounters were recorded per hour of observation. The majority of these individuals were feeding on patellid limpets (average limpet size: 15.0 ± 2.3 mm).
For all crab species, the modal size of individuals captured at low tide was markedly smaller than that of individuals captured at high tide (Fig. 3) , suggesting that larger predators were moving into the intertidal zone during high tide, presumably to forage.
Stomach contents
The stomachs of 750 crabs were examined, and the majority of these were 30% or more full. The chiton Lepidochitona cinerea (L.), limpets Patella spp. (not possible to identify to species level), the barnacle Elminius modestus Darwin, the mussel Mytilus spp.
(not possible to identify to species level) and the brown algae Laminaria spp. (not a hard-bodied prey part but easily recognisable) were the most common prey items; these items accounted for > 50% of the predator stomach contents (Table 3) . Typical examples of hard body parts recovered from predator stomachs are shown in Fig. 4 . Of all the prey items with hard-bodied parts, limpets Patella spp. and chitons L. cinerea were the most abundant items in the stomachs of these predators, particularly of Carcinus maenas and Cancer pagurus ( Table 3 ). The permutational analysis showed that prey composition in the stomach contents of all predator species did not vary significantly with sex or age (juvenile and adult). 
Distribution patterns of intertidal prey species
Permutational analysis of prey abundance showed major differences in assemblages between shore levels (pseudo-F 1,144 = 3.90, permutational p = 0.03). SIMPER analysis showed that the species which contributed the most to these differences were Patella spp (28.6%), Chthamalus spp. (16.0%), Gibbulla umbilicalis Da Costa (11.1%) and Osillinus lineata Da Costa (10.4%) No differences in prey assemblages were detected between: sheltered and exposed shores (pseudo-F 1,144 = 8.17, permutational p = 0.07), shores with different exposure (pseudo-F 2,144 = 1.93, permutational p = 0.15), sites within shores (pseudo-F 4,144 = 9.11, permutational p = 0.08), or for any interactions among these factors. No correspondence between stomach contents and patterns of prey abundance was evident for any of the crab species (Spearman correlation tests: for all crab species and factors, correlation coefficient was < 0.3, df = 9, p < 0.01).
DISCUSSION
Traps proved to be an efficient method with which to sample crabs that were active during high tide. Three species were easily sampled with this method, yielding a total of 765 crabs with a wide range of sizes up to 193 mm CW in 48 trap deployments. There was no evidence of intra-or inter-specific agonistic interactions leading to non-independence or other biases in the trap data. Few crabs were caught during daytime high tides, confirming previous observations (e.g. Dare & Edwards 1981 2) = Upper (6.7 ± 0.0) > Lower (2.0 ± 0.0)** Lower (3.9 ± 0.1) Lower (5.6 ± 0.0)** Sheltered: Upper (2.3 ± 0.0) < Upper (4.8 ± 0.2) > Upper (6.7 ± 0.0) > Lower (3.6 ± 0.0)** Lower (3.8 ± 0.1)** Lower (5.0 ± 0.0)** Upper: Exposed > Sheltered** Exposed < Sheltered** Exposed = Sheltered Lower: Exposed < Sheltered** Exposed < Sheltered** Exposed > Sheltered**
Spatial patterns in the abundance of crabs
The present study showed that 3 species of crabs forage in substantial numbers in the intertidal zone during high tide and that their abundance is significantly influenced by exposure to wave action: Necora puber and Carcinus maenas were more abundant at sheltered locations while Cancer pagurus was more abundant on exposed shores. These distribution patterns were consistent across sampling dates and sites; thus, the effect of exposure to wave action is likely to be general. This pattern of distribution has not previously been described for these species, but some similar results are available for spiny lobsters Panulirus interruptus on the west Pacific coast (see Robles 1987 , Robles et al. 2001 . Our findings are 205   Table 3 . Carcinus maenas, Necora puber and Cancer pagurus. Relative abundance (%) of prey items found in the quadrats on the shore and in crabs' stomachs. Data are pooled for all shore heights and exposure to wave action. nq: not quantified Prey species % of prey species % of prey found in predator naturally on the shore stomachs (rank abundance) (rank abundance)
C. maenas N. puber C. pagurus
Barnacles
Chthamalus stellatus nq 1.1 (6) 0 3.6 (4) Chthamalus montagui 39.9 (2) 0 6.5 (8) 7.1 (3) Elminius modestus nq 4 (5) 7.1 (7) 28.6 (2) similar to those of Pallas et al. (2006) , who concluded that wave exposure had a significant species-specific effect on the distribution of brachyurans in shallow waters of the Ria de La Corunã (northwest Spain). The present findings also indicate that prey availability may not be the major factor influencing the variation in crab abundance across the wave-exposure gradient, as there was no relationship between stomach contents and prey availability along this gradient. According to the model of community regulation proposed by Menge & Sutherland (1987) , the effect of predation by mobile consumers is low in stressful conditions because their activity is minimal and/or their feeding ability is compromised (see Menge 1978a) . Here, we present evidence which indirectly supports the model of Menge & Sutherland (1987) , whereby 2 species of crab, Carcinus maenas and Necora puber, were most abundant at sheltered locations. This pattern was not found for Cancer pagurus, which was more abundant at exposed locations; however, its abundance was considerably lower than that of the other 2 species. It is possible that the relatively greater robustness of this species allows it to exploit habitats not occupied by C. maenas and N. puber. Based on abundance patterns, the potential impact of crabs on prey populations appears to be influenced at large spatial scales by exposure to wave action, indicating that greater predation pressure may be exerted at sheltered locations, where crabs were more abundant. This interpretation is in agreement with the Menge & Sutherland (1987) environmental stress model, where consumer effect is inversely related to environmental stress. Crab abundance and predation effects have been correlated in previous studies, whereby prey with stronger shells were present at sites where crabs were more abundant (Vermeij 1976 , Hughes & Seed 1981 , Yamada & Boulding 1998 . Crabs exert significant control on the abundance of limpets on moderately sheltered shores in southwest Britain (Silva et al. 2008) . Limpets are known to have a key influence on intertidal assemblages (Hawkins & Hartnoll 1983 , Jenkins et al. 2005 , Coleman et al. 2006 , and also to be less abundant at sheltered than at exposed locations (Hawkins & Hartnoll 1983 , Jenkins et al. 1999 . Dense algae cover increases siltation at sheltered locations, which is known to be detrimental for limpets (Hawkins et al. 1992 , Raffaelli & Hawkins 1996 . The present study further indicates that predation by crabs may act together with algal cover and siltation to reduce the abundance of limpets.
Gastropods
The abundance of crabs differed between shore levels, with greater abundance on the lower shore (except for Carcinus maenas); however, the causes of these patterns are not clear. Habitat and prey availability (Robles et al. 1990 , Holsman et al. 2006 ) and competition and predation (Almany 2004 ) have all been suggested as important factors influencing the distribution of these animals, and it is probable that differences in crab distribution among shore levels are a combined result of prey distribution and time spent on foraging. Necora puber and Cancer pagurus are potentially attracted to prey that are restricted to the lower shore, such as chitons and some (smaller) limpets, and because they also have more feeding time at this shore level. It is also possible that N. puber and C. pagurus have to travel further into the intertidal zone than C. maenas, as they are likely to take refuge in the sublittoral zone when the tide is out due to their tendency to be sublittoral species, and this influences their distribution on the shore. C. maenas is less robust than the other 2 species but is very agile; it therefore seems possible that it moves higher on the shore to avoid inter-specific competition and also to access different prey such as barnacles and dogwhelks. The diet of C. maenas is known to be based mainly on a wide variety of intertidal prey (see Hughes & Elner 1979 , Elner 1981 , Mascaró & Seed 2001 . A similar behavioural trend to move up the shore according to prey availability has been reported for other inshore crustacean migrants such as spiny lobsters Palinurus interruptus Randall, 1840, whereby lobsters fed selectively on lower-shore mussels (Robles et al. 1990 ). Other Cancer spp. (Cancer magister Dana, 1852) have also been found to undertake inshore migrations during high tide in estuaries (Holsman et al. 2006) . In these cases, crab distribution in the intertidal zone was dependent on the type of habitat, with a reported preference for mud and sand flats, where the abundance of their main prey, sand shrimp Crangon spp., was also higher (see Stevens et al. 1982 , Holsman et al. 2006 .
Based on the stomach contents, which mainly included intertidal prey, and also taking into consideration the relatively high levels of crab abundance, it is likely that greater abundance of crabs on the lower shore may result in a vertical predation gradient, with greater pressure on the lower shore and subsequent consequences for prey distribution. Mortality in limpet populations due to crab predation has previously been shown at the lower shore at Mount Batten (Silva et al. 2008 ), a shore used in the present study, and in this region, crabs have been shown to attack limpets frequently (Thompson et al. 2000) . This may also influence intra-specific competition for space or food resources among these grazers (Boaventura et al. 2002) .
For all 3 crab species, males were more abundant than females, and this pattern was consistent between shores (see Hunter & Naylor 1993 , Warman et al. 1993 for similar findings). It is not clear why males seem to be more active than females; however, some authors have suggested that male crabs exhibit the most persistent endogenous circatidal rhythms of locomotor activity (Naylor 1958 , Atkinson & Parsons 1973 , Hunter & Naylor 1993 ), and it is also possible that because males tend to be larger than females, their locomotory activity encompasses more extensive areas of the shore (Hunter & Naylor 1993) .
In the present study, crabs had a generalist diet, which included a number of dominant prey, but patterns in the diet composition were not related to the distribution of prey on the shore. Previous studies have reported that the diet of crabs can be driven by prey availability (Paul 1981 , Wear & Haddon 1987 , Edgar 1990 , while other studies indicate that accessibility of prey (capacity to find, capture and ingest the prey), habitat (refuges) or preference for prey types or sizes are the main drivers of spatial foraging patterns (e.g. Cannicci et al. 2002 , León & Stotz 2004 , Pallas et al. 2006 . It was of interest that chitons Lepidochitona cinereus composed up to 40% of the diet of the crabs sampled in the present study (40% for Carcinus maenas, 13% for Necora puber and 7% for Cancer pagurus), suggesting that chitons are important intertidal prey. On these shores chitons are cryptic grazers that live on the underside of stones and in crevices and are mainly active during nocturnal high tide, when they feed on rock surfaces (Evans 1951 ). This pattern of activity coincides with the period of greatest crab activity as reported in the present study. It would be particularly interesting to gather more information on the dynamics of crab-chiton interactions, since this is the first account showing the importance of these grazers in the diet of crabs in the intertidal zone.
Substantial numbers of Carcinus maenas were active during nocturnal low tides. Foraging at low tide has previously been reported for other species such as Pachygrapsus marmoratus (e.g. Cannicci et al. 1999 , Flores & Paula 2001 , Silva et al. 2004 ) but had not been quantified for C. maenas. Tide-out foraging at night is likely to reduce desiccation stress and reduce the risk of predation on the crabs by fish and birds (e.g. Ahsanullah & Newell 1977 , Ellis et al. 2005 . C. maenas that were observed at low tide at night were feeding on limpets, and stomachcontent analysis of individuals captured at high tide indicated that limpets composed ~40% of the C. maenas diet. Hence, limpets would appear to be subject to considerable predation by crabs at night during both lowand high-water periods (see also Silva et al. 2008 ).
Migration of crabs into the intertidal zone during high tide
The present data support the hypothesis that there is a strong trophic linkage between subtidal predators and intertidal prey: individuals captured at high water were larger than individuals captured after extensive searches at low water, indicating a migration of crabs into the intertidal zone during high water. This pattern has also been reported for Carcinus maenas in the Menai Strait (UK) (e.g. Hunter & Naylor 1993 , Warman et al. 1993 ) using similar methods to those used in the present study, but migration into the intertidal zone has not previously been shown for Necora puber or Cancer pagurus, which are both abundant and commercially important species. Differences in the abundance of crabs between high water and low water have important contextual implications for studies investigating the ecology of these mobile predators and predator-prey interactions in shallow-water habitats, since low-tide observations of crab populations and their behaviour are likely to be unrepresentative of the total (low and high tide) effect of crab predation. Large individuals such as some of the crabs studied here can cover substantial areas of the shore at high water and can hence access a variety of species. Traditionally, subtidal and intertidal habitats have been considered to be essentially separate habitats, but the present study suggests that crabs act as an important trophic linkage. Juvenile crabs including Carcinus maenas are known to use the intertidal as a nursery, moving into deeper waters as they grow (Eriksson & Edlund 1977 , Pihl & Rosenberg 1982 ). The present study shows that larger individuals use the intertidal zone during high water to feed. We therefore consider that to fully understand the role of these predators in shaping intertidal assemblages, it is necessary to take into account differences in foraging activities between tidal phases, tidal heights and locations with differing exposure to wave action. The present work demonstrates that an additional trophic level of highly mobile predators must be built into conceptual frameworks of connectivity between the sublittoral and litoral habitats, as suggested by recent studies (see Rilov & Schiel 2006a ,b, Jones & Shulman 2008 , Silva et al. 2008 ). More research is therefore required to verify the extent of top-down control by crabs, especially on grazers (e.g. Thompson et al. 2004) in the intertidal zone. Such work should focus on replicated manipulative experiments to establish the importance of predator-prey interactions at a range of spatial scales. 
